We studied physiological (gas exchange and stomatal aperture) and morphological (individual leaf area and stomatal density) responses in leaves of five-year-old olive plants (Olea europaea L. cvs. Frantoio and Moraiolo) exposed to filtered air containing < 3 ppb O 3 or 100 ppb O 3 for 5 h day
Introduction
Effects of air pollutants on plants have been mainly studied in annual or forest species, and information on the response of woody fruit crops is scarce (Darrall 1989, Lorenzini and Soldatini 1995) . Olive is one of the most widely cultivated trees in the Mediterranean basin, where tropospheric ozone (O 3 ) concentrations reaching 70--120 ppb occur from spring to autumn over large areas, including those remote from pollution sources (Lorenzini 1993) . These O 3 concentrations could be responsible for crop loss, subtle changes in the composition of natural plant communities, reduced tree vigor (Davison and Barnes 1993) and acceleration of aging processes in leaves, leading to premature leaf senescence and abscission (Temple and Riechers 1995) .
Several investigations have shown that photosynthetic activity is reduced in plants exposed to O 3 (Reich 1987 , Pye 1988 . The extent of reduction appears to depend on several factors, including duration of exposure, pollutant concentration and species or cultivar tested (Chappelka and Chevone 1992) . Partial stomatal closure has been observed in response to O 3 exposure both in forest tree species Mansfield 1993, Frey et al. 1996) and olive trees (Minnocci et al. 1995) , indicating that stomata regulate O 3 uptake into intercellular air spaces of leaves.
Stomata are capable of rapid responses to environmental stimuli (Spence 1987) , which means that measurement of stomatal apertures by a chemical fixation method is liable to error. The most accurate measurements of stomatal aperture are achieved with frozen-hydrated samples analyzed by lowtemperature scanning electron microscopy (LTSEM) combined with digital image processing. This method enables valid direct measurements of individual stomatal apertures in their natural state (Van Gardingen et al. 1989 .
The hypothesis that long-term exposure to low O 3 concentrations produces significant effects on olive physiology has never been tested. Therefore, we examined the effects of prolonged exposure to low O 3 concentrations on the physiology and morphology of olive leaves. We also compared the O 3 sensitivity of two genotypes.
Materials and methods

Plants and fumigation facilities
Five-year-old uniform olive plants (Olea europaea L., cultivars Frantoio and Moraiolo), were grown in 10-liter pots con- with air containing O 3 at a target concentration of 100 ppb, and one (control) ventilated with air containing less than 3 ppb O 3 . Air entering the chambers was filtered through activated charcoal and the flow rate adjusted to provide two air exchanges per minute. Ozone was produced from pure oxygen with a Fischer 500 generator (Zurich, CH) and added to the filtered air. Ozone concentration inside the chambers was continuously measured by an automatic photometric analyzer (Model 8810, Monitor Labs, San Diego, CA).
Biological observation
At the beginning of the treatments, the youngest leaf of each branch was marked, so that newly developed (ND) leaves formed after the beginning of the fumigation treatment could be identified. Individual leaf age, phenology and visible injury symptoms were periodically recorded. For the experimental analysis, only ND leaves with fully expanded laminas (about 100 days old) were sampled. The mean area of ND leaves was determined with an electronic planimeter (LI 3000, Li-Cor, Inc., Lincoln, NE).
Gas exchange measurements
An open infra-red gas-exchange system (CIRAS-1, PP-Systems, Hitchin, UK) equipped with a Parkinson leaf chamber was used to measure CO 2 and water vapor exchange of single ND leaves without visible symptoms. Leaf temperature was 27 ± 0.3 °C and the chamber was illuminated by a quartz halogen lamp. Gas exchange was determined after 100 days of treatment using five leaves from each plant. Photosynthetic activity in saturating light (800 µmol m
), and ambient CO 2 conditions (A max ), stomatal conductance to water vapor (G w ), transpiration rate (E), water-use efficiency (WUE, i.e., A max /E) and internal/ambient CO 2 partial pressure ratio (C i /C a ) were determined (Della Torre et al. 1998) . Intercellular CO 2 concentration was calculated with the equations given by von Caemmerer and Farquhar (1981) .
Low-temperature scanning electron microscopy (LTSEM)
Four ND leaves were sampled from two plants of each cultivar and treatment. Leaf portions were selected between second-order veins, mounted on aluminum stubs with double-sided adhesive tape, immediately plunged into liquid nitrogen and stored for later observation. Frozen leaf laminas were partially freeze-dried for 10 min at −80 °C under high vacuum , and sputter-coated with 20 nm of gold (measured by a quartz thin-film monitor) in an argon atmosphere (pressure < 2.2 × 10 −2 Pa) inside the SEM Cryo Unit SCU 020 (Bal-Tec, Balzers, Liechtenstein) of a Philips SEM 515. Freeze-fractures were obtained with a motor-driven fracturing microtome (Müller et al. 1991) . Specimens were then transferred to the cold stage of the SEM and analyzed at a temperature below −130 °C with an acceleration voltage of 8 kV. Observations were carried out normal to the lower leaf surface at a magnification of 925 times (frame area = 137.4 × 103 µm) for stomatal aperture (SA) measurements, and at a magnification of 287 times (frame area = 441.4 × 331 µm) for stomatal density (SD) determinations.
Image analysis
The SEM TV images, averaging eight single frames, were digitized at a resolution of 768 × 576 pixels (256 grey levels). The recorded images were processed by AnalySIS 2.0 (SoftImaging Software, GmbH, Munster, Germany). Because stomatal apertures could be easily distinguished from guard cells in the original digital images, no image enhancement was applied. Image-processing started with a threshold setting based on a selected grey-level range (0--87 for SA and 88--255 for background), to obtain a binary image. Stomatal apertures were automatically detected in the binary image according to the logical threshold and their area was measured interactively at 10 randomly chosen leaf positions within a frame area of 0.014 mm 2 , excluding stomata overlapping the margins. Stomatal density was determined on digital images by counting stomata interactively at seven randomly chosen leaf positions within a frame area of 0.146 mm 2 , excluding stomata overlapping the frame margins. The number of stomata per frame was then converted to stomata per mm 2 . Because the measured leaf parameters reacted to O 3 on different temporal scales, it was not possible to draw conclusions about leaf responses to O 3 by analyzing leaf parameters independently. To evaluate the interrelationships among SA, SD and leaf area (LA), two indices were used: absolute transpiring stomatal surface (ATSS = SD × SA × LA) and relative transpiring stomatal surface (RTSS = ATSS/LA × 100) (Minnocci et al. 1995) . The ATSS provides the total transpiring stomatal surface present on the leaf at the specific physiological moment of sampling, measured instantaneously for all stomata. The RTSS represents the leaf fraction that is transpiring at that moment, allowing comparison between treatments independent of specific leaf characteristics.
Statistics
Statistical evaluation of data was by ANOVA and means were separated by the LSD-test (P ≤ 0.05). Relative frequency distributions of SA within each cultivar were analyzed by the χ 2 -test (P ≤ 0.05).
Results
Visible injury
Moraiolo plants shed leaves starting on Day 100 of O 3 treatment and 77% of all leaves were shed after 120 days. Before abscission, leaves showed no visible abnormality. Leaf shedding was not observed in control plants of Moraiolo or in control or O 3 -treated Frantoio plants. Leaf shedding was quantitatively related to leaf age and duration of treatment: 84% of the total number of leaves present at the beginning of the treatment were shed, whereas only 28% of the total number of ND leaves formed after the beginning of treatment were shed. After leaf shed, several O 3 -treated ND leaves of Moraiolo developed localized necrotic areas that were several millimeters wide consisting of bifacially collapsed greyish spots, irregular in shape with sharp margins, and mostly concentrated at distal leaf margins.
Freeze fractures of cryofixed leaves across necrotic spots made it possible to follow the development of necrosis through different leaf tissues (Figure 1) . Examination of the cryofracture from left to right indicated that the O3-induced necrosis started with the collapse of both palisade and spongy tissues progressing to the mesophyll in a generalized tissue degeneration.
Physiological and morphological parameters
Ozone treatment had significant effects on both the physiology and morphology of leaves. Gas exchange responses differed between the cultivars (Table 1) . When compared to the controls, O 3 -treated Frantoio plants showed pronounced reductions in photosynthetic activity (57%), transpiration (43%) and stomatal conductance (69%). The net effect was a significant reduction in WUE (29.2%). Because there were no treatment differences in C i /C a ratio, disturbances in gas exchange could not be attributed to direct effects of ozone on stomata. In Moraiolo, the decreases in A max (17%), E (20%) and WUE (3.3%) in O 3 -treated plants were not statistically significant, but significant depressions of G w (40%) and C i /C a (10.9%) were observed.
In ND leaves, O 3 significantly reduced SA in both cultivars compared with the respective controls (Table 2 and Figure 2) . Ozone caused greater increases in SD in leaves of Frantoio (from 349 to 479 stomata mm ). The individual areas of ND leaves decreased significantly in both Frantoio (19.6%) and Moraiolo (17.3%) in response to O 3 treatment.
In both cultivars, the relative frequency distribution of SA in control plants differed significantly from that in O 3 -treated plants, especially for stomatal apertures of < 5 µm 2 (Figure 3 ). The relative frequency distribution of SA increased from 14 to 59% and from 6 to 42% in Frantoio and Moraiolo, respectively. No stomata had apertures greater than 25--30 µm 2 in O 3 -treated material, whereas in control plants some stomatal apertures of 35--40 µm 2 were observed. In Frantoio (Table 3) , ATSS decreased from 4.90 mm 2 in controls to 1.97 mm 2 in leaves that developed during O 3 treatment (59.8% reduction). A similar reduction in ATSS (56.3%; from 6.50 to 2.84 mm 2 ) was observed in Moraiolo plants. A comparable trend was observed for RTSS. For Frantoio, the percentage of transpiring surface decreased from 0.54% (controls) to 0.27% (treated) of the total leaf surface. Corresponding values for Moraiolo plants were 0.79 and 0.42%.
Discussion
Previous observations (Minnocci et al. 1995) showed that exposure of olive plants (cvs. Moraiolo and Frantoio) to a single O 3 pulse (150 ppb for 5 h) induced partial stomatal ). In the necrotic area (right side), the collapse of spongy parenchyma cells has progressed to a generalized tissue degeneration causing a reduction in leaf thickness (bar = 100 µm). closure but no visible injury. In the present experiment, localized necrosis of leaves and leaf drop were observed in Moraiolo after 100 days of exposure to O 3 . This behavior corroborates previous findings of premature leaf abscission in herbaceous and woody species exposed to O 3 (Keller 1988 , Maclean 1990 , Mortensen and Skre 1990 , Wiltshire et al. 1993 . Older olive leaves were more prone to premature shedding than younger leaves and this may be explained by the higher O 3 dose accumulated (Wiltshire et al. 1993) and by the finding that O 3 induces leaf senescence (Temple and Riechers 1995) .
An effect of O 3 on leaf anatomy was revealed by the use of cryofixation coupled with an LTSEM analysis technique that avoids tissue dehydration and three-dimensional modifications that are generally induced by other preparation protocols (Echlin 1992) . Ozone caused structural changes in cell organelles that resulted in a total collapse of cell structure (Ojanperä et al. 1992) . The freeze fractures of Moraiolo leaves with localized necrosis (Figure 1) showed that cell degeneration started from both spongy mesophyll and palisade parenchyma tissues, as observed also in soybean (Pell and Weissberger 1976) , and led to compression of the mesophyll and eventually to the complete destruction of internal tissues.
Visible injury is a useful indicator of the degree of O 3 resistance in woody fruit plants (Wiltshire et al. 1993) ; however, it is not a universal indicator of damage by gaseous pollutants. For example, in plants fumigated with sulfur dioxide, significant effects on photosynthetic parameters were induced in the absence of any visible symptoms (Giorgelli et al. 1994 , Panicucci et al. 1998 ). Christodoulakis and Koutsogeorgopoulou (1991) classified olive as an ''injury-resistant plant,'' because visible injury did not develop and photosynthesis was not affected in trees growing in heavily polluted urban environments. However, we found that exposure to O 3 significantly affected several physiological and morphological parameters of olive leaves. Ozone treatment caused a large reduction in photosynthesis in Frantoio, which was associated with decreased G w , rather than with a direct inhibition of mesophyll photosynthetic capacity. In contrast, in Moraiolo, the massive O 3 -induced reduction in G w was only partially coupled to reductions in A max and E. The absence of negative effects on photosynthesis during fumigation suggest that Moraiolo is more O 3 tolerant than Frantoio, even though visible negative effects (necrosis and leaf shedding) were only observed in Moraiolo.
Differences in physiological responses to O 3 exposure have been observed in other studies. For example, in many species, O 3 -induced reductions in photosynthetic capacity are caused by stomatal limitations (Winner 1988 , Balaguer et al. 1995 , Mansfield and Pearson 1996 ; however, in some species, mesophyll limitations such as a reduction in Rubisco activity, rather than stomatal limitations, account for O 3 -induced decreases in photosynthetic capacity (Chappelka and Chevone 1992) . We conclude from these findings that ranking of plant material for resistance or sensitivity to an environmental stress factor is not easy, because many different response factors are implicated.
Stomatal conductance is mainly regulated by SA, which is genotype dependent and influenced by internal and external factors (Winner et al. 1988) . We combined LTSEM with digital image analysis to measure individual SA during exposure to O 3 (Van Gardingen 1989 , Minnocci et al. 1995 , Frey et al. 1996 . Ozone causes stomatal closure (Darrall 1989) and, in our experiment, significantly reduced SA, exhibiting an O 3 -and genotype-dependent reaction. Changes in morphological parameters (SD and LA) were also observed in ND leaves confirming that O 3 induces modifications in leaf development (Günthardt-Goerg et al. 1993 , Giorgelli et al. 1994 , Pääkkönen et al. 1997 . In both cultivars, leaves that started their development after the beginning of O 3 exposure showed a significant decrease in LA and an increase in SD. These modifications seem to be a consequence of plant reaction to O 3 -induced narrowing of SA in old leaves that were present at the beginning of treatment. In Frantoio, SD increased twice as much as in Moraiolo, apparently compensating for reduced stomatal aperture. A response to partial stomatal closure may also account for the increase in SD in birch subjected to a comparable O 3 treatment , Frey et al. 1996 .
We have used the indices ATSS and RTSS to overcome the divergent responses of various leaf parameters to O 3 exposure and to analyze changes in total transpiring activity induced by environmental stress (Minnocci et al. 1995 , Bartolini et al. 1997 . Although percentage reductions in ATSS and RTSS after O 3 treatment were comparable in both cultivars, the RTSS index showed that Moraiolo leaves maintained a greater transpiring surface than Frantoio leaves (0.42 versus 0.27%), indicating that, during fumigation, Moraiolo leaves are able to take up more O 3 than Frantoio leaves. This may explain why Moraiolo leaves showed localized leaf necrosis and leaf drop during treatment, whereas Frantoio plants did not. In long-term treatments, reactions of plants seem to be more dependent on the transpiring surface during pollutant exposure than on changes in photosynthetic parameters. Consequently, physiological and biochemical evaluations of response mechanisms to gaseous pollutants among different genotypes must take into account differences in gas exchange capability measured by transpiring stomatal surface index. For this purpose, we conclude that the RTSS index can be a reliable indicator.
In conclusion, O 3 exposure reduced transpiring stomatal surface by almost 50% in both cultivars. It has been suggested that a large O 3 -induced reduction in gas exchange capability could account for a significant reduction in tree productivity under field conditions (Pye 1988, Ashmore and Davison 1996) . For olive and, more generally, for trees cultivated in the Mediterranean area, O 3 -induced reductions in productivity could be critical, because O 3 is systematically present for a long period during the year . The ecophysiological implications of our results may be important, because stomata play a crucial role in controlling water use in olive tree leaves (Fernández et al. 1997) .
